A porous structure comprises pores and pore throats with a complex three-dimensional (3D) network structure, and many investigators have described the relationship between average pore size and the amount of bone ingrowth. However, the influence of network structure or pore throats for tissue ingrowth has rarely been discussed. Four types of bioactive porous titanium implants with different pore sizes and porosities (6 mm in diameter and 15 mm long) were analyzed using specific algorithms for 3D analysis of interconnectivity based on a micro focus X-ray computed tomography system. In vivo histomorphometric analysis was performed using the very same implants implanted into the femoral condyles of male rabbits for 6 and 12 weeks. This matching study revealed that more poorly differentiated pores tended to have narrow pore throats, especially in their shorter routes to the outside. In addition, for assessment of the entire implant, we proposed new two indices that represent the degree of bone and tissue ingrowth into an implant by considering the effect of narrow pore throats.
Introduction
Porous biomaterials are widely used in clinical applications, including porous coated orthopedic and dental implants. Interconnected pores permit tissue and bone ingrowth [1] , preventing loosening, and retaining dynamic strength of implants. When a porous implant or a tubeshaped implant is implanted into the marrow cavity, fibrin and fibrous tissue are observed in the initial stage, followed by woven bone formation. Woven bone is remodeled into lamella bone and bone marrow-like tissue replaces the fibrous tissue. The differentiation progresses from the opening to the center of the material, and the speed of marrow front is estimated to be from 3 to 4 mm per 6 weeks [2] [3] [4] .
To design optimal porous implants, surface treatment and the structure of the implant have to be taken into account. Tissue differentiation and bone ingrowth are accelerated when the surface of the implant is coated with bioactive material [5, 6] or chemical and thermal treatment applied that converts the smooth titanium surface to rough bioactive surface [4, 7] . Pabbruwe et al. [3, 8] also showed the importance of surface chemistry and microstructure using sintered alumina tubes with or without the addition of various minerals.
Pore size and interconnectivity are other important factors for bone ingrowth. Several investigators have studied bone ingrowth into porous material with different pore sizes [9] [10] [11] [12] [13] and the consensus seems to be that the optimal pore size for bone ingrowth is 100-400 mm. However, this is still controversial. Itala et al. [14] showed good bone ingrowth into pore sizes ranging from 50 to 125 mm using thin titanium implants perforated with the use of a laser without any specific surface treatment. One reason for these varied data may be that these data were only obtained from an averaged pore size and the interconnectivity of pores was not considered. Interconnectivity of pores may be a critical factor; however, the effect of interconnectivity for tissue and bone ingrowth of pores has not been clarified.
Scanning electron microscopy (SEM) and mercury intrusion porosimetry have commonly been used for demonstrating pore architecture and morphology. SEM provides high resolution, highly detailed views of threedimensional (3D) surface topology, and Murphy et al. [15] quantified interconnectivity from SEM images by measuring sizes and numbers of interconnections in pores. However, the inherent weakness of SEM is that it is limited to two-dimensional (2D) measurements on relatively small fields of view. Consequently, it may be difficult to envisage or obtain the structure of interconnections in perspective. Mercury (Hg) intrusion porosimetry provides information about porosity, pore size distribution, and internal surface area of an entire specimen, but it cannot detect isolated pores in scaffolds and has potential difficulties for the analysis of deep pores connected by narrow throats in complex porous structures [16] . Moreover, both methods necessarily result in sample destruction. In general, the information obtained from SEM and Hg intrusion techniques is insufficient for precise assessment of the interconnectivity of entire scaffolds. Gross and Rodrı´guez-Lorenzo [17] proposed a unique method to assess the connectivity and pore size using optical microscopy. However, this technique is limited for the assessment of complex 3D structures.
As computer technology advances, high resolution X-ray microcomputed tomography (micro-CT) provides a practical solution to the problem described above, and Ho and Hutmacher [16] reviewed the characteristics and applications of micro-CT while comparing it with other techniques. Because micro-CT data can be easily represented in 2D and 3D formats at a high resolution, bone ingrowth into scaffolds can be measured quantitatively by segregating bone tissue from scaffolds [18, 19] . Furthermore, 3D structural analysis of scaffolds such as interconnection between pores can be easily performed. Although quantitative analysis of interconnectivity using micro-CT has been performed previously [20] [21] [22] [23] , those data were not correlated with in vivo experiments, and so the significance of the interconnectivity for tissue ingrowth has not been demonstrated until now.
To clarify the effect of interconnectivity, biomaterials have to be resistant to biodegradation. Biodegradable material can be remodeled in vivo, therefore, accurate analysis of narrow interconnection will not be accomplished. Sintered porous titanium implants [24] have recently become available and are certainly not biodegrad-able. Moreover, their porosity and pore size can be easily changed in the process of manufacture. For these reasons we used these materials for the analysis of interconnectivity.
In our previous study using porous titanium implants [4] , tissue differentiation in pores proceeded concentrically from the opening to the center of pores; however, poorer tissue differentiation appeared in some pores even if they had the same depth from the periphery. To clarify the cause of this phenomenon, we hypothesized that long or narrow interconnections inhibit tissue and bone ingrowth ( Fig. 1 ). Based on this hypothesis, implants were analyzed both from their interconnections based on unique 3D algorithms using micro-CT data and from matching animal studies. Moreover, on the basis of the data obtained, we proposed two new indices for the assessment of bone and tissue ingrowth in the entire implant.
Materials and methods

Implants
Four types of sintered porous titanium implants with different porosities and pore sizes (ST50-250 (target porosity ¼ 50%, spacer particle size used ¼ 250-500 mm), ST50-500 (50%, 500-1500 mm), ST70-250 (70%, 250-500 mm), and ST70-500 (70%, 500-1500 mm)) were manufactured by controlling the amount and size of the spacer particles, as previously described [25, 26] ( Fig. 2A-F ). Ammonium hydrogen carbonate particles were used as spacer particles; they were a rough polyhedral shape ( Fig. 2E ). For animal experiments, cylinders 6 mm in diameter and 15 mm long were cut from a porous layer using electricdischarge machining, and were implanted into a drill hole in rabbit femoral condyles ( Fig. 2G and 2H ). These cylinders were treated chemically and thermally to give them a bioactive surface ( Fig. 2F ) as previously described [4, 27] . The homogeneity of the bioactive surface was confirmed, examining the topography and the chemistry of the center and the peripheral parts of several implants using SEM, an energy dispersive X-ray microanalyzer connected to the scanning electron microscope, and X-ray diffractometry. Sintered porous titanium implants were supplied by Osaka Yakin Co. (Osaka, Japan).
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Well-differentiated pore Poorly differentiated pores B C D A Fig. 1 . Schema of the hypothesis. All four pores in the figure are at the same depth from the outside edge. The well-differentiated pore has at least one wide short route in the interconnections (Pore A), whereas the poorly differentiated pores have longer routes (Pore B), and if any short routes exist, they are narrow (Pores C and D).
Micro-CT and SEM scanning
The pore structure of the porous titanium was examined using a micro-CT system (SMX-100CT-SV3; Shimadzu, Japan). The specimens were mounted on a rotary stage and scanned in their entirety, being rotated 3601 in 1800 equiangular steps. The images consisted of 886 slices with a voxel size of 13 mm in all three axes. All scanned data from ST50-250 had direct correspondence with the animal studies; however, other types of implants did not. The macroporous and microporous structures of implants were characterized by SEM (S-4700, Hitachi Ltd., Japan).
Image analysis using specific 3D image processing software
The software that enabled us to process 3D images was developed for this study on a Mac OS X microcomputer (Apple Computer, Inc.) using RealBasic 5.5 (REAL Software, Inc.).
Thresholding
To obtain binary data, we used a 2D local thresholding method combined with a global thresholding method [28] . Briefly, in the first pass, using global thresholding techniques, most of the pixel population is assigned to either the foreground or the background, based on its distinct deviation from the global threshold. In the second pass, the remaining pixels that are close to the global threshold are assigned to either class. The local threshold of the remaining pixels is assigned from each 5 Â 5 pixel local area using Otsu methods after confirming the bimodal distribution of the histogram of the local area. If the bimodal distribution could not be confirmed, the local area was dilated by two pixels until it could be confirmed.
Dilation and erosion operations
The software can dilate or erode particular colored voxels in a 3D manner. One voxel will dilate to 27 (3 Â 3) voxels with one unit of dilation ( Fig. 3A) .
Blocking narrow pore throats
Blocking narrow pore throats was accomplished by dilation of the material voxels ( Fig. 3B ). According to the amount of dilation, various sizes of pore throats were blocked and the diameters of the pore throats were estimated. In this study, one unit of dilation blocked pore throats with a caliber of less than 26 mm, while two and three units of dilation, respectively, blocked pore throats with calibers of less than 52 and 78 mm because the voxel size was 13 mm 3 (Fig. 3C ). The space vanishing with three units of dilation was defined as the pore throat and the space larger than the pore throat was defined as the pore.
Measurement of the shortest distance from the outer surface to a pore through interconnections
All voxels representing void space were painted using different colors in order along the interconnection from the outside to the center of an implant. Therefore, the shortest distance from the outer surface to a pore through interconnections (SDI) can be measured from the color of pores. (Figs. 3C and 4A). Moreover, SDI is also calculated after operations of one, two, or three units of dilation (Figs. 3C and 4B).
Detour Index
Because tissue differentiation proceeded along the interconnections, SDI should be close to the depth from the periphery (DP) in an ideal interconnected structure. Therefore, we constructed a Detour Index (DI) as the corrected SDI (close to 1 in ideal interconnections), which is calculated as SDI divided by DP ( Fig. 3C ). Because the value of DI will increase when narrow throats are blocked ( Fig. 3C ), we can find out whether a certain pore has narrow throats at least in the shortest interconnections. DI(x) was also defined as DI with blocking pore throats with a caliber of less than x mm.
Dead pore and dead pore volume ratio
Dead pores are defined as pores that do not connect to the outer surface and are easily extracted by tracing the interconnections. Dead pores were also detected after blocking narrow throats. The dead pore volume ratio (PercentDeadPore) was defined as the volume fraction of dead pores in all
Four types of porous titanium implants. Binarized micro-CT views and SEM images of four types of implants: A, ST50-250. The porosity is 48% with small pores (233 mm, SD* 105 mm); B, ST50-500. The porosity is 50% with large pores (303 mm, SD 152 mm); C, ST70-250. The porosity is 69% with small pores (268 mm, SD 110 mm); D, ST70-500. The porosity is 70% with large pores (333 mm, SD 194 mm); E, images of spacer particles observed by stereoscopic microscope. The left panel shows smaller particles, 250-500 mm used for ST50-250 and ST70-250, and the right panel shows larger particles, 500-1000 mm used for ST50-500 and ST70-500; F, microstructure of material surface observed by SEM; G, cylinder-shaped titanium implants were implanted into a drill hole in rabbit femoral condyles (H). *Standard deviation pores. When narrow throats are blocked, the value of PercentDeadPore will increase, and PercentDeadPore(x) was defined as dead pore ratio with blocking pore throat with a caliber of less than x mm.
Average DI(x)
The average DI(x) of all pore voxels in the material excluding dead pores was defined as ADI(x).
In vivo experiments
Adult male Japanese white rabbits weighing 2.8-3.2 kg were kept in cages with free access to food pellets and water. Rabbits were anesthetized using intravenous injections of pentobarbital sodium (50 mg/kg), an intramuscular injection of ketamine hydrochloride (10 mg/kg), and local administration of a solution of 0.5% lidocaine. After shaving, disinfection, and draping, a straight 3 cm skin incision was made over the medial femoral condyle. The fascia was split, and a 6 mm diameter drill hole was made through the femoral condyles. After irrigating the hole with saline, one of the randomly selected four types of porous titanium cylinders were implanted into the hole (Fig. 2F ). The fascia was closed with absorbable sutures, and the skin was closed with 4-0 nylon sutures. Sixteen rabbits were used, and at 6 and 12 weeks after implantation, four rabbits were killed using an overdose of intravenous pentobarbital sodium, that is, four implants and four animals were used per experimental condition. This animal study was approved by the
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One unit of dilation.
Two units of dilation. Original image. . One unit of dilation can block narrow pore throats with a caliber of less than 26 mm, and two and three units of dilation, respectively, blocked 52 mm and 78 mm caliber pore throats in our study (B, C). DP, SDI, and DI were calculated for all pores in a 3D manner. DI was calculated as SDI divided by DP (C). When narrow pore throats are blocked, SDI and DI will be extended, or the pore may lose interconnections (i.e., become a dead pore) (C).
0 µm 3000 µm 6000 µm 9000 µm 12000 µm Fig. 4 . Shortest distance from the outer surface to a pore through interconnections (SDI): A, all pores are separated by different colors depending on the SDI; B, when narrow pore throats are blocked, SDI of pores are extended and some pores may lose interconnections to outer surface (dead pores, represented by black). These analyses were performed in three dimensions.
Animal Research Committee, Graduate School of Medicine, Kyoto University, Japan.
Histological and histomorphometric examination
Following euthanasia, the implant sites were removed and prepared for histology. The specimens were fixed in 10% phosphate-buffered formalin pH 7.25 for 7 days and dehydrated through a series of increasing concentrations of ethanol (70%, 80%, 90%, 99%, 100%, and 100% v/v) for 3 days in each. Specimens were then embedded in polyester resin. Thick sections (250 mm) were cut with a band saw (BS-3000CP; EXACT cutting system, Norderstedt, Germany) strictly perpendicular to the axis of the implant, and ground to a thickness of 40-50 mm using a grindingsliding machine (Microgrinding MG-4000; EXACT). Each section was then stained with Stevenel's blue and Van Gieson's picrofuchsin. A thorough microscopic analysis was performed on sections using transmitted light microscopy (Nikon Model Eclipse 80i) combined with a digital camera (Nikon Model DS-5M-L1) (Fig. 5A ). In addition, to observe the bone infiltration accurately, fluorescence microscopy (Olympus IX70) was used in conjunction with a digital camera and the images were superimposed on the transmitted light microscopy images. Three sections surrounded with cancellous bone were examined for each implant, and all pores in histological sections were classified into five grades, Grade A-E, according to the degree of differentiation as follows ( Fig. 5B and C). These data were matched to micro-CT images according to need ( Fig. 5D and E).
Statistical analyses
Results of studies were tested statistically using a paired two-tailed t-test for comparison of DI and the average increasing rate of DI, and a Mann-Whitney U-test for comparison of the numbers of dead pores. A binomial test was used to analyze the rate of dead pores. One-way ANOVA followed by post hoc tests (Tukey-Kramer multiple comparison tests) was used to analyze PercentDeadPore(52) and ADI(52) for each implant type. Spearman rank correlation analysis was applied to investigate the relationship between in vivo and micro-CT analysis. Differences with a Po0.05 were considered statistically significant. Statistical analysis was performed using JMP ver. 5.0 software (The Statistical Discovery Software Institute Inc.).
Results
3.1. Pore analysis using histological and micro-CT imaging based characterization 3.1.1. Histological pore characterization Tissue and bone ingrowth was observed in all types of implants, and we found that the tissue differentiation in pores was less as ingrowth approached the center of the implants (Fig. 5C ). Among all types of implants, ST50-250 exhibited a less differentiated pattern and contained many grade A or B pores at 6 weeks (Table 1) . At 12 weeks, most ST50-250 pores achieved Grade C-E, and lamella bone was observed near the center of the implant. Other types of implants exhibited a more differentiated pattern and, in ST70s, almost all pores became grade C-E at 6 and 12 weeks ( Table 1 ). In seeking the structural parameters that affect bone ingrowth, other parameters such as individual variation of animals, mechanical properties of implants and implanted site should be abrogated as much as possible. From this point of view, analyses of structural parameters should be performed using one implant, and ST50-500 or ST70s were considered inadequate for the analyses because good tissue ingrowth was observed in most of the pores. Therefore, ST50-250 at 6 weeks was used to assess the influence of interconnectivity by 3D structural analysis based on micro-CT and matched in vivo histomorphometrical analysis as described below.
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Tissue differentiation in pores was less as ingrowth approached the center of the implants; however, tissue differentiation appeared poorer in some pores than in others with the same depth ( Fig. 5C Red circle) . Tissue differentiation in pores can be affected by the local environment around the implants and, to exclude factors other than structural properties we selected two juxtaposed pores of different grades and compared their structural parameters. Firstly, 40 sets of two juxtaposed pores of different grades (difference greater than two grades) but the same depth were randomly extracted from three slices of one implant. Secondly, the pores with the best-differentiated tissue in each pair were designated as the welldifferentiated group (WDG), and the pores with less welldifferentiated tissue designated as the poorly differentiated group (PDG). Finally, the 3D structure of these two groups was analyzed using matched micro-CT data.
Micro-CT based pore characterization (interconnectivity analysis based on micro-CT imagining and novel algorithms
For this analysis, three indices, DP, SDI, and DI, were proposed (Fig. 3C) . First, to confirm whether the 40 sets of pairs were selected appropriately, the DP of both groups was compared. As shown in Fig. 6A , the average DP of both groups was the same. Next, we examined whether the pore of each pair with the poorer differentiated tissue had a longer SDI than the other (Fig. 1, Pore B) . As shown in Fig. 6B, DI(0) , between the two groups was the same, so the difference in tissue differentiation was not due to the length of the shortest interconnection. Next, we examined whether the difference was due to the size of the pore throats, and whether narrow pore throats would inhibit tissue differentiation (Fig. 1, Pore C and D) . Generally, each pore has many routes to the outer surface, and the lengths of the routes are all different. Among these routes, characteristics of the shorter routes must be more important, and the existence of narrow pore throats in the shorter routes may prevent tissue differentiation. When certain pores possess narrow pore throats in the shorter Each value is expressed as mean7standard deviation (n ¼ 4 for all parameters). a At least 250 pores were examined for each implant. b All pores in micro-CT data were examined for these indices. Therefore, at least 3000 pores were examined for each implant. routes, the pore will be 'dead' (Fig. 1 , Pore C) or DI will be increased ( Fig. 1, Pore D) with blocking narrow pore throats. Therefore, the number of dead pores and average DI were analyzed with blocking narrow pore throats. Table 2 shows the number of dead pores in both groups with or without blocking narrow pore throats. Without blocking narrow pore throats, all pores of both groups were connected to the outside. When pore throats with a caliber of less than 26 mm were blocked (one unit of dilation), 6 (15%) pores of the PDG were blocked, whereas no pore was blocked in the WDG. By blocking pore throats with a caliber of less than 52 mm (two units of dilation), 14 (35%) of the WDG and 16 (40%) of the PDG were newly blocked. After blocking pore throats with a caliber of less than 78 mm (three units of dilation), all remaining pores of both groups were blocked. These data indicate that pores in WDG had wider interconnections than PDG, and wide interconnections with a caliber of 52-78 mm existed more in WDG than PDG (Po0.05).
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Subsequently, the pairs with no blocked pore at each dilation process were analyzed using DI values. When narrow pore throats with a caliber of less than 26 mm were blocked, DI(26) of PDG became significantly higher than that of WDG, and the difference increased when narrow throats with a caliber of less than 52 mm were blocked (DI(52)) ( Fig. 6B) . To exclude the possibility that the statistical difference in DI(52) between two groups was only due to the difference in DI(26), the average increasing rate of DI was compared. DI(26)/DI(0) and DI(52)/DI (26) of PDG were also significantly higher than those of WDG (Fig. 6C) .
In summary, from these analyses, pores with more poorly differentiated tissue were revealed to have narrower pore throats, especially in their shorter routes to outside. (Fig. 1, Pore C and D) . These results were confirmed in three independent experiments.
Assessment of entire implant with PercentDeadPore(52) and ADI(52)
Because the average DI value of PDG increased significantly when narrow pore throats with a caliber of less than 52 mm were blocked, and also because dead pore analysis revealed that wide interconnections (with calibers of 52-78 mm) existed more in WDG than PDG, we set up a threshold value of 52 mm. This value was thought to be the minimum size of pore throats for good bone and tissue ingrowth. For assessment of the entire implant using the threshold, we proposed two indices, dead pore volume ratio and ADI with blocking narrow pore throat caliber of less than 52 mm (PercentDeadPore(52) and ADI(52)). PercentDeadPore(52) and ADI(52) were calculated based on micro-CT data as shown in Table 1 . Because not all micro-CT data have a direct correspondence with the in vivo studies, precise correlation analyses could not be performed. However, our implants were produced under strict manufacturing control, and the standard deviations of PercentDeadPore(52) and ADI(52) were small (Table 1 ). If the two indices of all implants were the same, correlations between the in vivo rate of Grade A and B and both PercentDead-Pore(52) and ADI(52) were especially high at 6 weeks (R ¼ 0.883 and 0.845 for PercentDeadPore(52) and ADI(52), respectively (Po0.0001)).
Discussion
It is generally difficult to digitalize or assess pore interconnectivity, because pores and pore throats comprise a complex 3D network of structures in a scaffold. All networks may affect bone ingrowth or tissue differentiation in each pore. However, because tissue ingrowth invades the network from the periphery of the implant to the center, the characteristics of shorter routes from outer surface must be important. For assessment of the interconnectivity of each pore, we proposed the index 'DI', which designates corrected SDI, and this value will increase when narrow pore throats cause blocking. Moreover, the DI will increase if a second or third shorter route has a narrow pore throat. Thus, increasing the DI with blocking narrow pore throats shows the extent of poor interconnectivity. Consequently, DI and the number of dead pores were used for analysis of interconnectivity. From both analyses, the size of pore throats, especially in shorter routes to the outer surface was narrower in PDG than in WDG, and these narrow throats were thought to be the cause of poorer tissue differentiation. Previous studies using alumina tubes or titanium implants revealed that long interconnections inhibit tissue ingrowth [3, 4] . However, the effect of the narrow interconnections for bone ingrowth has not yet been established. Hui et al. [29] found evidence for a correlation between fluid permeability and tissue ingrowth into the graft-host interface in cancellous bone grafts. This finding suggests a relationship between narrow interconnections and bone ingrowth. However, the size of interconnections was not considered, only the porosity was measured. Lu et al. [30] postulated the importance of interconnections for bone ingrowth and showed that interconnections larger than 50 mm were favorable for mineralized bone formation a The distribution of numbers of dead pores between the WDG and the PDG was significantly different (Po0.05). b The rate of dead pores with blocking narrow pore throats with a caliber of 0-26 mm in PDG was significantly higher than WDG (Po0.01). c For 52-78 mm, the rate in WDG was significantly higher than PDG (Po0.01).
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in the interconnections using hydroxyapatite (HA) and b-tricalcium phosphate implants. However, this conclusion was only based on histomorphometrical observation of the pore throats, and the effect of interconnections for bone and tissue ingrowth in pores was not resolved. To the best of our knowledge, this is the first report to demonstrate the effect of narrow interconnections of porous materials for bone and tissue ingrowth into pores.
For the assessment of an entire implant, we developed two indices, PercentDeadPore(52) and ADI(52), which can represent the interconnectivity of the entire implant when considering the effect of narrow pore throats with a caliber of less than 52 mm. The threshold value, 52 mm, was not an absolute value, and will change in other materials or under other conditions. However, the two indices, PercentDead-Pore(52) and ADI(52), could accurately predict the in vivo tissue differentiation in this study. Because not all micro-CT data have a direct correspondence with the in vivo studies as mentioned above, more precise study is needed. However, the results presented here are thought to be reliable because the standard deviations of PercentDead-Pore(52) and ADI(52) are small. From this point of view, these two indices are thought to be especially useful for comparing the tissue ingrowth among implants made of the same material. A limitation of these indices is that they only consider pore properties, and mechanical properties such as the effective elastic modulus were not considered. As the porosity goes up, the effective elastic modulus decreases, which may affect the bone ingrowth behavior.
With advances of computer technology, micro-CT has become a powerful tool for analyzing porous materials based on 3D geometrical considerations. Because micro-CT can nondestructively and reproducibly provide representations of structural characteristics, the same implants can be used in both micro-CT analyses and in vivo experiments. In this study, histological sections could be successfully matched to the micro-CT images, and the interconnectivity of each pore was analyzed using both data. However, there are associated concerns, despite the numerous advantages of using micro-CT as mentioned below. First the resolution of the micro-CT images is limited by the performance of the micro-CT apparatus and the computer. Second, image thresholding is a crucial step to be executed before 3D analysis. Third, as polychromatic X-ray beams are used in micro-CT, the lower energy rays are readily attenuated by the sample, resulting in a high exposure at the center of the scaffold [16] . Finally, metal implants produce dark and bright grainy artifacts that obscure important details in the scan images [18] . Rajagopalan et al. [31] compared various thresholding methods from the point of the porosity, and demonstrated the advantages of local thresholding methods. In view of this, we used a local method combined with a single method and obtained porosity values that were about same as actual porosity measured using specific gravity (data not shown). As micro-CT is a relatively new technology, improved algorithms and setups are anticipated.
There are some other limitations that merit discussion. First, in this 3D structural analysis, only the size of pore throats and the length of interconnections were considered. Knackstedt et al. [32] proposed more detailed structural analyses, and these analyses could complement the outcome of the present study. Second, a dilation method that presumes the size of narrow throats was another limitation. In this method, the size of narrow throats was measured every 26 mm. Furthermore, the actual size of the throats that will be cut off by a given number of dilations will also depend somewhat on the orientation of the throat with respect to the voxel grid; some throats oriented along a body diagonal can be blocked with less dilation steps to close it (i.e., it may appear smaller) due to the voxel's diagonal length. For a more precise study, other algorithms such as the 3D watershed algorithm [20, 22] may be effective. Third, the results obtained were only from relatively short-term observations (at 6 weeks and 12 weeks). Because bone ingrowth is not a linear process and bone apposition tends to decrease with time as a result of bone remodeling following Wolff's law [33] [34] [35] , long term observation is needed to clarify the effect of pore throats in the remodeling phase.
Finally, our results may only be specific to our bioactive titanium implants and the site we implanted. Species differences may also affect results. Whang et al. [12] indicated that the minimum pore size at which bone growth can occur is 100 mm using a D,L-lactide-co-glycolide scaffold implanted into rat calvarial bone. However, Dutta Roy et al. [36] showed good bone ingrowth in pores smaller than 20 mm using an HA scaffold. Further experiments using other types of materials should be established to confirm our results.
In this study, narrow pore throats were revealed to inhibit tissue differentiation in pores. For tissue differentiation, vascularization may be an important factor, and narrow pore throats may inhibit adequate vascularization to pores. Indeed, many vessels were observed especially in grade A-C pores, and from the point, the vascularization process may be important for relatively early stage of tissue differentiation in pores. However, we could not demonstrate a difference of vascularization between PDG and WDG in vivo, and this problem remains to be solved. There may be other factors that affect tissue differentiation. When marrow-like tissue is replaced by fibrous tissue, the inner environment of an implant becomes similar to bone marrow. In this environment, reflux of various humoral factors may be more important. For good circulation of these factors, the number of interconnections may be a more important factor than the size of the interconnections.
Conclusion
The effect of narrow pore throats on bone and tissue differentiation was analyzed using bioactive porous titanium implants and micro-CT. Matching analysis revealed that well-differentiated pores had wider pore throats than poorly differentiated pores, and narrow pore throats inhibited tissue differentiation in pores. The values of PercentDeadPore(52) and ADI(52) were proposed for the assessment of bone and tissue ingrowth in an entire implant, and good correlation between these indices and in vivo bone ingrowth was observed. These methods can be applied to the assessment of bone and tissue ingrowth in various materials and may be helpful for developing new implant materials with good bone and tissue ingrowth.
